We have measured the dynamics of solvation of a triplet state probe, quinoxaline, in the glass-forming dipolar liquid butyronitrile near its glass transition temperature T g = 95 K. The Stokes shift correlation function displays a relaxation time dispersion of considerable magnitude and the optical linewidth changes along the solvation coordinate in a nonmonotonic fashion. These features are characteristic of solvation in viscous solvents and clearly indicate heterogeneous dynamics, i.e., spatially distinct solvent response times. Using the dielectric relaxation data of viscous butyronitrile as input, a microscopic model of dipolar solvation captures the relaxation time, the relaxation dispersion, and the amplitude of the dynamical Stokes shift remarkably well.
I. INTRODUCTION
Optically detected dynamics of solvation has been used extensively for studying how a solvent re-equilibrates after a change in the electronic state of the solute. [1] [2] [3] The most pronounced effects are observed in the case of significant changes of the solute's dipole moment, promoted by electronic excitation, combined with a solvent of substantial polarity. [4] [5] [6] The interaction between the energy levels of the chromophore and the solvent dipoles gives rise to a time dependent emission energy, where the amount of redshift indicates the progress along the solvation coordinate. 7 Suitable dyes such as coumarin 153 in dipolar solvents can display Stokes shift dynamics which span more than 1000 wave numbers. 8 Naturally, observing a time resolved redshift of the emission band as a function of time requires that the solvent equilibrates within the lifetime of the excited state. As a result, fluorescence solvation studies are limited to solvent responses not exceeding ϳ10 ns, situations found typically for many organic solvents near room temperature.
Compared with the solvation of fluorescence probes in fluid solvents, a much smaller body of data and significantly less comparisons with theories are available for the more viscous states of molecular liquids. Highly viscous regimes are found only in liquids for which crystallization can be avoided and the supercooled state is entered upon cooling, instead of crystallizing at the melting temperature. 9 Further lowering the temperature leads to dramatic increases of the structural relaxation times, until values near = 100 s are reached at the glass transition temperature T g . 10 Generally, the dynamics of supercooled liquids show two prominent features: pronounced relaxation time dispersions ͑nonexpo-nential responses͒ and super-Arrhenius behavior of the temperature dependence. 11 In this slowly relaxing state of supercooled liquids, solutes with long excited state lifetimes are required in order to observe solvation dynamics. 12, 13 Molecules with high triplet quantum yield ph and lifetime ph have provided solvation dynamics data in the 10 s-1 s time range. Among others, naphthalene, quinoline, phenazine, and quinoxaline ͑QX͒ have been used, but only QX with ph Ϸ 0.6 and ph Ϸ 0.3 s has a substantial difference between ground ͑ G ͒ and excited ͑ E ͒ state dipole moments, 14,15 ⌬ = ͉ E − G ͉ = 1.2 D. 16 Therefore, only QX in polar liquids is dominated by dipolar solvation, while probes with much smaller ⌬ or those in nonpolar solvents will display mechanical or nonpolar solvation with redshifts that are reduced accordingly. [17] [18] [19] In this experimental and theoretical study we examine the dynamics of supercooled butyronitrile by dielectric and solvation dynamics techniques. According to calorimetric results, butyronitrile is a glass-forming liquid with a glass transition temperature at T g =97 K. 20 Due to the large dipole moment and small quadrupole moment, butyronitrile is a very polar liquid with large dielectric constant. These features are supportive of high resolution regarding both Stokes shift dynamics and time resolved inhomogeneous linewidth for a solvent with predominantly dipolar charge distribution. In previous triplet state solvation studies, the nonmonotonic time dependence of the linewidth has been employed as indicator of heterogeneous solvent dynamics. 21 Butyronitrile offers another possibility to explore the linewidth maximum and its relation to spatially heterogeneous solvent dynamics. It will be shown that each solute is subject to near exponential dynamics, while the ensemble averaged relaxation is strongly dispersive. Theory and experiment agree regarding the highly nonexponential Stokes shift correlation function and the amount of the redshift due to electrostatic interactions.
II. EXPERIMENT
Butyronitrile ͑BN͒ was obtained from Aldrich ͑99+ % ͒ and used as received. QX was purified by sublimation before use. For the solvation and probe rotation measurements, samples were prepared by dissolving the solute QX in the solvent BN at a concentration of around 10 −4 mol/ mol. The optical sample cell is a brass frame holding two quartz windows that are vacuum sealed by Kalrez o-rings. The cell is mounted to the cold stage of a closed cycle He refrigerator ͑Leybold, RDK 10-320, RW 3͒ and temperature stability within ±30 mK is achieved by a temperature controller ͑Lake Shore, LS 330͒ equipped with calibrated diode sensors ͑Lake Shore, DT-470-CU-13͒. Radiative heat is greatly reduced by an aluminum shield that guides heat to the first cooling stage at ϳ80 K.
Solvation and probe rotation are studied by measuring the time dependent phosphorescence of the probe QX. The excitation light source used is a frequency tripled Nd:YAG ͑yttrium aluminum garnet͒ laser ͑Continuum, SLI-10͒ operated at exc = 355 nm with pulse width Ϸ6 ns. The repetition rate is adjusted such that the pulses are separated by at least three times the phosphorescence lifetime ph of the QX molecule, typically 1 Hz. The output of the Nd:YAG laser is polarized vertically ͑normal to the plane defined by the laser, sample, and detector͒, while variable polarization angles ␣ = 0°-90°of the excitation are achieved by a / 2 quartz retardation plate which is positioned under computer control by a rotation stage ͑Newport, ESP-300, PR50CC͒. The optics are adjusted such that the incident intensity remains practically independent of the angle ␣. The detection polarization angle is fixed at ␤ = 0°by a Glan-Thompson polarizer, so that the viewing angle ␥ becomes irrelevant. The only relevant angle is the effective value of with cos = cos ␣ cos ␤ + sin ␣ sin ␤ cos ␥, where ␤ = 0°simplifies the relation to = ␣. All cryostat and sample cell windows are UV grade synthetic fused silica with extremely low luminescence and birefringence, and UV is removed from the detection path using a UV cutoff filter.
For spectrally resolved experiments, the phosphorescence emission is dispersed by a triple grating polychromator ͑Acton Research, SpectraPro-275͒ and registered by a microchannel plate ͑MCP͒ intensified diode array camera ͑EG&G, 1455B-700-HQ͒ with controller ͑EG&G, 1471A͒, gating options ͑EG&G, 1304͒, and synchronization facilities ͑SRS, DG-535͒. The spectra consist of 730 channels with a resolution of 0.04 nm/channel for the 1800 g / mm holographic grating. The system is wavelength calibrated with Xe and Kr lamps. Across the typical redshifts of Ͻ300 cm −1 the spectral sensitivity is sufficiently flat so that uncorrected emission data are used. The time resolution is defined by gating the camera with gate delays between 10 s and 1 s, and the gate width being set to ഛ10% of the delay time. Spectra are recorded by accumulating the signals from typically 300 excitation pulses. The time resolved solvation dynamics experiments all refer to the T 1 → S 0 ͑0−0͒ emission of the probe QX, measured at the magic angle = 54.7°.
The dielectric measurements of BN are conducted by holding the liquid between two brass disk electrodes, 14 mm , which are separated by a 50 m thick Teflon ring ͑C 0 Ϸ 27 pF͒ within a sealed cell similar to the one described previously. 22 Frequency-dependent impedance measurements are performed in the range of 10 mHzഛ f ഛ 10 MHz using a Solartron SI-1260 gain-phase analyzer, equipped with a Mestec DM-1360 transimpedance amplifier. 23 The empty sample capacitance C 0 served as a reference for the impedance measurements. The cell is mounted to the cold stage of a closed cycle He refrigerator and temperature stability within ±10 mK is achieved by a temperature controller ͑Lake Shore, LS 340͒ using calibrated diode sensors. The cooling rate of Ϸ2 K / min turns out sufficiently fast to suppress the crystallization of the sample.
III. MODEL CALCULATION
A microscopic theory of polar solvation dynamics has been recently proposed by one of us. 16 The theory calculates the Laplace transform of the solute-solvent interaction energy E͑s͒ appearing as a linear response to a change in the electric field of the solute ⌬E 0 ͑r͒. In the linear response approximation, the solution is given in terms of the solvation response function ͑k , s͒ in wave-vector-Laplace space ͑k , s͒:
Here, ⌬Ẽ 0 ͑k͒ is the Fourier transform of the solute field taken over the volume outside the repulsive core of the solute, including the addition of the solvent radius to the solute atoms exposed to the solvent. The solute is specified by atomic coordinates, van der Waals diameters, and partial atomic charges. The stars in Eq. ͑1͒ denote three-dimensional ͑3D͒ integral in k space and tensor contraction over the Cartesian indexes.
The linear solvation response function ͑k , s͒ is calculated according to the formalism outlined in Ref. 16 . This procedure provides a connection between the solvent response function in the presence of the solute ͑k , s͒ and the dipolar susceptibility of the polar solvent s ͑k , s͒. The second-rank tensor of solvent susceptibility is fully characterized by its two projections, longitudinal ͑L͒ and transverse ͑T͒:
.
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In Eq. ͑2͒, S L,T ͑k͒ are the structure factors of the solvent dipolar polarization 25, 26 which specify the microscopic correlations of molecular dipoles in polar liquids. The susceptibilities s L,T ͑0,0͒ at ͕k , s͖ = 0 in Eq. ͑2͒ are expressed in terms of the static, s = s ͑0͒, and high frequency, ϱ , dielectric constants; s L,T ͑0,s͒ are defined in terms of the frequencydependent dielectric constant s ͑s͒.
The parameter pЈ in Eq. ͑2͒ is given by the ratio of the translational, D T , and rotational, D R , diffusion coefficients of the solvent and the diameter of the solvent molecules , pЈ
This parameter quantifies the effect of translational diffusion on polarization dynamics. 27, 28 The function F͑s͒ =−sE͑s͒ can be used to calculate the Stokes shift at the conditions of nonergodicity when the experimental observation window obs is comparable to the relaxation time of the solvent. A simple stepwise frequency filter eliminates from the solvent response the frequencies lower than the observation frequency obs =1/ obs :
where F͑z͒ is obtained by analytic continuation of F͑s͒ to the imaginary frequency axis and FЉ͑z͒ is the imaginary part of F͑z͒.
IV. RESULTS AND DISCUSSION

A. Dielectric properties
Dielectric relaxation experiments provide detailed information on the dipolar relaxation strengths and dynamics of solvent molecules and thereby the basic input for models on the time scale and amplitude of Stokes shift dynamics of dipolar solutes.
13 Figure 1 shows the loss component ͑Љ͒ of the dielectric function * ͑͒ of BN in the viscous regime near T g . The asymmetric broadening of the primary relaxation peak and the appearance of a secondary process of higher symmetry and lower amplitude are typical features of molecular glass-forming liquids. In order to quantify the dielectric behavior as a function of temperature, the dielectric loss curves are fitted using a Havriliak-Negami ͑HN͒-type relaxation function combined with a dc-conductivity term,
Here, Ј and −Љ are the real and imaginary parts of the dielectric function, while s and ϱ are the low and high frequency limits of the dielectric constant, respectively. 31 the CD exponent ␥ = 0.6 near T g corresponds to a time domain Kohlrausch-Williams-Watts ͑KWW͒ exponent of ␤ Ϸ 0.73. The high frequency permittivity ϱ ͑Ϸn 2 ͒ is approximately 2.7, while the dielectric relaxation strength ⌬ = s − ϱ is 34.5 near the glass transition. At the highest temperature of Fig. 1 , T = 118 K, the onset of crystallization is clearly visible by the decrease of the relaxation amplitude.
The temperature dependence of the primary dielectric relaxation process is characterized using the peak dielectric relaxation time, max ͑T͒. The variation of max with temperature follows the Vogel-Fulcher-Tammann ͑VFT͒ behavior,
with A = −11.88, B = 325.7 K, and T 0 = 71.9 K. From these parameters, the glass transition temperature T g = 95.4 K and the fragility in terms of the steepness index m = 56.4 are derived.
A previous dielectric measurement of supercooled BN resulted in significantly broader loss profiles and a different temperature dependence of the average dielectric relaxation time. 32 Based upon their experimental range, 133 K ഛ T ഛ 135 K with Ͻ 1 ms, Schiener et al. reported VFT parameters ͑A = −16, B = 803 K, and T 0 =58 K͒ which lead to a higher glass transition at T g = 99 K and a lower fragility of m = 47 by extrapolation. The deviations from our data are readily explained by their technique of performing the impedance measurements during cooling at a rate of 1.5-2 K / min in order to circumvent crystallization problems. In contrast, each present dielectric relaxation spectrum is obtained under isothermal conditions.
B. Phosphorescence characteristics
Phosphorescence spectra of QX in glassy and supercooled BN at the respective temperatures T =93 KϽ T g and T = 107 K Ͼ T g are shown in Fig. 2 . The graph focuses on the spectral range of the T 1 → S 0 ͑0-0͒ emission without showing the complete vibronic progression of QX. The two spectra correspond to the frozen glass and steady state situations of the solvent, and the considerable spectral separation of ⌬ = 284 cm −1 is indicative of pronounced Stokes shift dynamics.
14,15 The highest energy bands corresponding to the T 1 → S 0 ͑0-0͒ transitions are well represented by Gaussian intensity profiles, FIG. 1. Frequency-dependent dielectric loss Љ spectra of viscous butyronitrile. In the order from low to high peak frequency position, the temperatures are 91-110 K in steps of 1 K and 112-118 K in steps of 2 K. The dashed curve ͑T =118 K͒ reveals the onset of crystallization.
as shown by the solid line curves in Fig. 2 . We chose to use "" for the wave number ͑instead of frequency͒. The low and high temperature linewidths derived from the Gaussian analysis are similar, 0 = 193 cm −1 and ϱ = 196 cm −1 , respectively.
The temperature dependence of the peak energy for a fixed delay and integration time is shown in Fig. 3 . With increasing temperature, the peak energy shows a redshift between the respective plateau values of p ͑0͒ = 21 350 cm −1 and p ͑ϱ͒ = 21 066 cm −1 at low and high temperatures, while the total shift is ⌬ = 284 cm −1 as in Fig. 2 . Actually, the limiting peak energies, p ͑t =0͒ and p ͑t → ϱ͒, are derived from more detailed time resolved spectral data as outlined further below. The values correspond to the peak energy before and after solvation due to structural rearrangement of the solvent, which is frozen below T g on the experimental time scale and completed before the delay time at sufficiently high temperatures. Note that a possible temperature dependence of p ͑0͒ and p ͑ϱ͒ is negligible compared to the total shift for the present condition of small temperature variations. As seen in Fig. 3 , the low temperature data display values above the assumed upper limit of p ͑0͒ = 21 350 cm −1 and a kink near the calorimetric glass transition at T g = 97 K. These unusual features originate from quenching the sample to well below T g and measuring towards increasing temperatures without a sufficient annealing period prior to the measurement ͓a small step in p ͑T͒ as a result of the dielectric ␤ process would occur at much lower temperatures͔. This quenching approach to the data in the viscous range is not ideal but was necessary in order to prevent crystallization of the sample. Results for temperatures in excess of 96 K are expected to reflect equilibrium behavior.
In Table I the dielectric constants of BN and the emission wave numbers of QX in BN are compared with other low-T g molecular glass formers. It is found that the "polarity" ⌬ of BN is exceeded only by alcohols, e.g., n-propanol. This is consistent with the considerable dipole moment of BN, = 4.07 D, combined with the absence of electric quadrupoles. 33, 34 
C. Solvation dynamics
The time resolved phosphorescence spectra above T g provide more reliable values for p ͑0͒ and p ͑ϱ͒ than the isochronal data of Fig. 3 . Above T g the quenched lower density state with higher emission energy has relaxed and the spectral response functions C͑t͒,
are consistent with common limiting peak wave numbers p ͑0͒ = 21 350 cm −1 and p ͑ϱ͒ = 21 066 cm −1 . These Stokes shift correlation functions are then subject to KWW fits, ducing the data within the temperature range of 96-108 K. That this value of ␤ is significantly below unity implies that the solvent response deviates considerably from single exponential behavior, as observed for other supercooled solvents. 13 The temperature dependent solvation times derived from Eq. ͑8͒ are used to generate the master curve in Fig. 4 , which shows the peak energies p of QX in BN at different temperatures but versus a normalized time scale t / KWW . The solid line in this graph represents the KWW decay, which reflects the observed behavior across 6.5 decades in reduced time.
In terms of the KWW exponent ␤, the Stokes shift correlation function C͑t͒ is much more nonexponential ͑0.44͒ than is the dielectric polarization behavior ͑0.73͒. This is a typical observation and a quantitative assessment requires an appropriate solvation theory ͑see below͒.
D. Spectral width
As demonstrated in Fig. 2 , the optical emission bands of triplet states in low temperature supercooled solvents are well approximated by Gaussian profiles. Therefore, peak emission energy p and linewidth are sufficient for characterizing the optical band. The inhomogeneous linewidth of emission spectra has been observed to display a nonmonotonic time dependence in various supercooled solvents. However, a quantitative analysis was possible only for the case of QX in 2-methyltetrahydrofuran ͑MTHF͒, where the maximum of ͑t͒ was associated with the heterogeneous nature of the solvent response. [35] [36] [37] Qualitatively, the bandwidth is increased at intermediate times because probes surrounded by fast solvent environments have already relaxed considerably while those in slow environments have hardly changed their emission energy. According to the previous rationale for nonmonotonic line shape changes, the width should be a function of the solvation coordinate, without any other explicit dependence on time or temperature. Experimentally, the most direct indicator of the progress along the solvation coordinate is the redshift of the emission energy p ͑t , T͒.
Therefore, the linewidth is plotted in Fig. 5 versus p , irrespective of the particular time or temperature. The observation that ͑ p ͒ in Fig. 5 generates a master plot confirms that the solvation coordinate in terms of p is the only relevant parameter for the enhanced optical linewidth.
Based upon the ͑t͒ data, the short time limit of the linewidth is ͑0͒ = 0 = 193 cm −1 and the steady state value is ͑ϱ͒ = ϱ = 196 cm −1 . For a homogeneous solvent, the expected width would connect the two extremes by a monotonic function. 38 For a heterogeneous liquid, the prediction follows the equation
which depends on the degree of dispersion inherent in the local solvent response. A similar result has been derived independently. 39 Note that this equation establishes a relation between ͑t͒ and C͑t͒ without reference to a particular solvation theory. If a KWW-type local response is assumed, this "intrinsic" stretching exponent ␤ intr is the only additional parameter that determines the spectral variance 2 as a function of time. 37 The dashed line in Fig. 5 is associated with intrinsically exponential responses, ␤ intr = 1, while better agreement with the data is achieved with the solid line using ␤ intr = 0.8. In both cases, rate exchange or a finite "heterogeneity lifetime" is justifiably disregarded.
40
E. Probe rotation
In order to characterize the rotational motion of the probe molecule QX, the emission intensities for the polarization angles =0°͑I VV ͒ and 90°͑I VH ͒ are evaluated, which were measured by spectral integration over the 
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The results are used to calculate g 2 ͑t͒, the ͑single particle, rank 2͒ orientational correlation function of the probe molecule, via
where r 0 = r͑t =0͒ is the fundamental anisotropy ͑determined by the angle between emission and absorption transition dipole͒ of the optical transition under study. At T = 105 K, the result for g 2 ͑t͒ is well described by a KWW-type decay with rot = 100 ms and ␤ rot = 0.85. At this temperature, the solvation dynamics of QX is characterized by sol = 4.8 ms and ␤ sol = 0.44. Therefore the probe rotation is slower by a factor of rot / sol = 21 compared with the solvent dynamics of BN. Based upon the QX/BN size relation, both slower and more exponential rotation is quite expected. 41 In terms of the molecular weight ratio m guest / m host = 1.88 ͑m BN = 69.1 g / mol and m QX = 130.2 g / mol͒, our previous observation of a linear relation rot / sol =50m guest / m host − 40 would lead to expecting a ratio of rot / sol = 54. 42 The relaxation time ratio of 21 would correspond to a relative nonexponentiality of 0.68 for the quantity ͑␤ rot − ␤ sol ͒ / ͑1−␤ sol ͒, i.e., to a stretching exponent of ␤ rot = 0.82 for probe rotation and thus very close to the value of 0.85 observed for the QX/BN system. This systematic transition from dispersive to exponential probe rotation with increasing slower rotation time has been interpreted as averaging via rate exchange effects. That the QX/BN system follows previous trends leads to the conclusion that rate exchange is a factor of Ϸ20 slower than the solvent response times. 42 This in turn justifies that the assumption of static heterogeneity is a reasonable approach to the heterogeneity of solvation dynamics. Figure 6 shows an activation plot of relaxation times: solvation dynamics from optical measurement of QX in BN and the dielectric measurements of BN. Apart from the quench induced deviations at the lowest temperatures, the dielectric and solvation times agree in both the temperature dependence and the absolute values. The following more detailed comparison involves the microscopic theory outlined in Sec. III.
F. Comparison of optical and dielectric measurements
The 
with ␥ = 0.62 and the relaxation time ͑T͒ in the VFT form. The geometry and charge distribution of quinoxaline in the ground singlet and excited triplet states were obtained in Ref. 16 . These input parameters are used to calculate the Fourier transform of the difference electric field ⌬E 0 in Eq. ͑1͒. Figure 3 shows the temperature dependence of the normalized Stokes shift st ͑T͒ / st versus T, scaled on the ordinate to match the experimental wave number limits. Here, st is the equilibrium Stokes shift at 100 K, which, in our calculations, is equal to 218 cm −1 . The parameter pЈ introduced in Sec. III can be reduced at high temperatures to pЈ = I /2M 2 = 0.024. Here, I = ͱ 3 I A I B I C is the effective moment of inertia calculated from corresponding moments relative to three rotational axes of butyronitrile, M is the mass, and is the diameter. However, the ratio of the translational and rotational diffusion coefficients is expected to deviate upwards from this value in the supercooled regime. [44] [45] [46] Since the values of diffusion coefficients are unknown, the parameter pЈ was adjusted to reproduce the experimental temperature dependence of the Stokes shift ͑symbols in Fig. 3͒ . The solid line in Fig. 3 was obtained at pЈ = 0.1.
The Stokes shift correlation function is calculated from a fit of the Laplace transform F͑s͒ to a linear set of ColeDavidson functions,
where ␣ i are the weights, i are the relaxation times, and ␥ i are the exponents. The weights ␣ i are normalized by the condition ͚ i a i = 1. From Eq. ͑7͒, the Stokes shift correlation function is
where ⌫͑␥ , x͒ is the incomplete gamma function. The fit of the Laplace transform F͑s͒ by Cole-Davidson functions in Eq. ͑12͒ followed by the analytical inverse Laplace transform in Eq. ͑13͒ has allowed us to avoid uncertainties of the inverse Laplace transform common to numerical algorithm. The fit in Eq. ͑12͒ was limited to three CD functions to avoid fitting instabilities with too many parameters. As a result, the temperature decay of the nonergodic Stokes shift in Fig. 3 shows three steps, which may corre- spond to the dynamical freezing of each relaxation component in the fit. This may also contribute to the slight wiggles in the relaxation curves in Fig. 7 .
The total redshift predicted by the theory is 218 cm −1 , i.e., 66 cm −1 below the observed value of ⌬ = 284 cm −1 . Interestingly, the difference is similar to the redshifts associated with mechanical solvation, which are obtained with nonpolar solvents. Examples for mechanical responses of QX are 72 cm −1 in 3-methylpentane, 63 cm −1 in 2,3-dimethylpentane, and 57 cm −1 in 4-methylheptane. 41 Subtracting the average mechanical response of ⌬ =64 cm −1 from the total ͑dipolar plus mechanical͒ value ⌬ = 284 cm −1 leaves ⌬ = 220 cm −1 for the electrostatic contribution to the redshift. This is in very good agreement with the theoretical result, which disregards mechanical solvation effects.
The Stokes shift correlation function derived from the theory is compared against the experimental finding in Fig.  7 . As above, pЈ = 0.1 is employed for the only fit parameter in this calculation. Across the six decades of reduced time in Fig. 7 the dashed calculated curve reproduces the highly dispersive decay pattern of the solvent response remarkably well. In this more common approach to time resolved solvation, homogeneous dynamics is assumed, i.e., each solute is equally subject to the dielectric relaxation time dispersion inherent in Eq. ͑11͒ with ␥ Ͻ 1. Many experiments, however, have revealed that structural relaxations in supercooled liquids are heterogeneous, equivalent to the picture of Debyetype ͑single exponential͒ dielectric behavior at each solute, combined with spatially distributed time constants. [47] [48] [49] Within the present solvation theory, this situation can be realized by calculating the Stokes shift dynamics for a Debye dielectric and averaging over the distribution of dielectric time constants implied in Eq. ͑11͒. As noted previously, 16, 50 homogeneous and heterogeneous solvent scenarios predict different solvation dynamics. In the present case, the calculation for the dynamically heterogeneous solvent BN leads to the solid line in Fig. 7 , which differs from the homogeneous case but captures the observed results at least as well as the homogeneous counterpart ͑dashed line͒. Note, however, that the solid line in Fig. 7 was produced by using the distribution of relaxation times consistent with the Cole-Davidson dielectric function. Dielectric measurements and solvation dynamics probe significantly different length scales which may require different distribution functions for heterogeneous dynamics.
Similar to an earlier mean spherical approximation ͑MSA͒ based comparison of heterogeneous versus homogeneous solvent responses, 50 the differences between the two cases regarding C͑t͒ are not severe. A more recent study reported deviations which are more pronounced for a system subject to a larger relaxation time dispersion, with the homogeneous case showing better agreement with the experimental data. 16 It appears that the time dependent average emission energy, in terms of p ͑t͒ or C͑t͒, is not sufficiently sensitive to allow discriminating homogeneous from heterogeneous dynamics on the basis of comparing experimental and theoretical findings. On the other hand, the assumption of heterogeneous dynamics is required in order to rationalize the nonmonotonic behavior of the optical linewidth ͑t͒ outlined in Sec. IV D. For the present QX/BN system, a heterogeneous approach which employs an adequate microscopic theory rationalizes both the average p ͑t͒ and the linewidth ͑t͒ of the time resolved emission energies quantitatively. Whether the same is valid in the general case remains to be clarified.
V. SUMMARY AND CONCLUSIONS
The dielectric relaxation behavior and the solvation dynamics of a triplet probe, quinoxaline, have been characterized in the viscous regime of the dipolar solvent butyronitrile. The glass-forming ability of this solvent ͑T g = 95.4 K͒ allows solvation studies with long solvent response times, 1 msഛ ഛ 1 s, and highly dispersive correlation functions, C͑t͒ = exp͓−͑t / ͒ 0.44 ͔. The main signature of heterogeneous solvent dynamics is the observed maximum in the time resolved optical linewidth ͑t͒, suggesting that the relaxation time dispersion ͑quantified by the stretching exponent ␤ KWW = 0.44͒ originates from local Debye-type solvent responses subject to a spatial variation of time constants.
Due to the substantial polarity of the solvent butyronitrile ͑ s = 37.2͒ and the significant dipole moment change in quinoxaline upon excitation ͑⌬ = 1.2 D͒, electrostatic effects are expected to dominate the solvation process. We assess the relation between dielectric properties and solvation dynamics on the basis of a microscopic theory of solvation which calculates the solute-solvent interaction energy E͑t͒ appearing as a linear response to a change in the electric field of the solute ⌬E 0 ͑r͒ ͑r͒. The amplitude of the electrostatic component to the total redshift is predicted to be 218 cm −1 , in excellent agreement with the experimental result of 220 cm −1 for this quantity. The degree of nonexponential character regarding the dielectric relaxation is moderately pronounced, ␤ KWW = 0.73, while the Stokes shift correlation function shows more dispersive dynamics with ␤ KWW = 0.44. This strongly nonexponential character of the solvent response is reproduced remarkably well by the microscopic theory, for both the homogeneous and heterogeneous cases regarding the solvent dynamics. The heterogeneous assumption matches the observed solvation time scale better than the homogeneous counterpart for the present QX/BN system. Because the probability densities for the dielectric and the solvation time constants are not necessarily identical, the heterogeneous version of the theoretical approach is bound to remain an approximation.
